The hypothesis of an interrelation between grain-boundary sliding and delayed elasticity in polycrystalline materials at high homologous temperatures is used to investigate the conditions conducive to microcracking. It is known that a material may exhibit cracking activity on attaining a critical delayed-elastic strain corresponding to a critical grainboundary sliding displacement. Experimental data on ice at temperatures > 0.9 Tm are used to verify this concept. The new criterion is then extended to develop simple, selfconsistent equations describing the interdependence of stress, strain, time, temperature, and grain size in predicting the onset of structural degradation due to microcracking and hence possible failure by fracture or rupture. The merit of the theory lies in its ability to forecast explicitly a large number of commonly observed high-temperature phenomena, including superplasticity, brittle-ductile transition, and the stress and temperature dependence of the apparent activation energy for fracture. One derivation makes clear that cracking occurs when a critical stress depending only on temperature (and independent of grain size) is exceeded. The near constancy of fracture strain in the quasi brittle range can also be predicted
Introduction
Intergranular fracture in polycrystalline materials is commonly observed at homologous temperatures greater than about 0.3 to 0.4 Tin, where Tm is the melting point [1] [2] [3] [4] . This mode of failure is characterized by low ductility, as measured by the strain at failure, and is often referred to as hightemperature brittleness. Initiation, growth and coalescence of intergranular cavitives or cracks are the three predominant stages leading to intergranular fracture at elevated temperatures [5] [6] [7] [8] [9] . Nucleation of cavities or cracks has frequently been observed at triple points, grain-boundary junctions and irregularities, or at inclusions on grain boundaries.
Several mechanisms have been proposed in the last four decades as the cause of various types of failure [10] , many involving the phenomenon of grain-boundary shear or sliding [11] [12] [13] . An early proposal was that grain-boundary sliding results in elastic stress concentrations at grain interface 0022-2461/84 $03.00 + .12 junctions or triple points, producing wedge-type cracks [11] . Grain-boundary sliding in conjunction with intragranular slip, forming ledges or steps in grain boundaries, may also nucleate cavities [12, 13] . That it plays an important role in cracking activity during high-temperature deformation has already been established by Intrater and Machlin [141. Sinha [15] has related the strain from grainboundary sliding to delayed elastic effect. The present paper explores this possibility further and examines the link, if any, between microcracking at elevated temperature and delayed elasticity. The term "microcrack" is defined as an opening in the material, one dimension being much less than the other two, and the largest dimension comparable to the size of the grains of the material. There are three major points to keep in mind: (a) because of the limited number of slip systems in hexagonal materials such as ice, sliding and subsequent cracking are thought to play an important role in their deformation behaviour; (b) the transparency of ice and the usually" large grain size facilitate direct visual observation of the formation of microcracks; (c) the fact that extremely high homologous temperatures can be reached with relative ease and that pertinent information is available makes ice an attractive material for study of the failure process.
To simplify anaIysis and subsequent presentation, discussion is restricted to the development of the first axial microcracks under uniaxial loading conditions and the beginning of cracking activity during constant load deformation. This article links microstructural observations to the larger scale manifestations of deformation behaviour and fracture. In this way the phenomenological approach that has been described as a "black box" by McLean et aL [16] may, for ice, be more of a "grey box."
2, Preliminary considerations
Where grain-boundary diffusion processes do not make a relatively significant contribution, grainboundary sliding could result in elastic stress concentrations at grain-boundary junctions or triple points [17, 18] . This mechanism was originally proposed by Zener [11] to explain wedge-type cracks. Stroh [19] showed that the minimum shear stress, r~, needed to produce a crack at the end of a sliding interface of length L is
where 7 is the surface free energy and G the shear modulus. McLean [20] used the above relation for intercrystalline cracking by identifying L with the length of the grain boundary. 7 should actually be the effective fracture surface energy; and the appropriate energy to be used for boundary crack produced in a brittle manner, as pointed out by McLean [20] , is the difference between the surface free energy with respect to vapour, 7~, and half of the grain-boundary free energy, 7gb, giving am 
where am is the equivalent normal stress. Usually Equation t, known as the StrohMcLean equation, is used because information on 3`gb is not available for most materials. There is experimental evidence for many materials of a critical stress below which cracks do not form readily and this supports the Stroh-McLean relation.
If for ice, "rvs = 0.109 J m -2, 7gb = 0.065 J m -2 at 0~ [21] , and G = 3.8GNm -2 (derived from G =El2 (1 + v) using E = 9.5 GNm -2 Poisson's ratio v = 0.3), then for L = 4mm, Equation 2 gives rm=0.53MNm -2 or a uniaxial normal stress am of I MNm -2. This agrees well with Gold's [22] observation of minimum stress of about 0.6 MN m -2 at which cracks form in uniaxiat compressive creep for ice of similar average grain diameter at --5 ~ C. 7gb should, of course, depend on relative crystallographic orientation of the interfaces and should affect 7" m accordingly, but this information is not yet available.
Microseismic activities in ice during strength and deformation tests were correlated with cracking activity in ice by Sinha [23] using a locator system of acoustic emission. Following loading, there is a long period of silence before the initiation of cracking activity. The rise times of the discrete bursts of acoustic signals, corresponding to visible cracks, were very short, in the order of a few milliseconds. The cracks appear to form suddenly (to the nakec~ eye) and grow to their full size in a very short time. Under these conditions, dissipation of energy due to local plasticity or creep at the crack tip may not be significant. If this is so, then the effective fracture surface energies for the formation of the cracks may not be different from the surface energy. Such a possibility is supported by measurements of fracture toughness (KIe) for polycrystalline ice by Goodman [241, who found that the strain energy release rate was not much greater than twice the surface energy for /~Ie >600kNm-3/zsec-1 or fracture times less than about 20 sec. This is more than a thousand times larger than the rise times of the visible cracks described above. It may explain the fair agreement between the experimental observation of Gold [22] and the calculations shown above. The disadvantage of Equations t or 2 is that neither gives information on time of fracture.
The model of a wedge crack formed by dislocations on two intersecting planes, proposed by CottreU [25] , describes the stable crack length, a, normal, to the applied stress as 
